Human endogenous retroviruses (HERVs) and other long terminal repeat (LTR)-type retrotransposons (HERV/LTRs) have regulatory elements that possibly influence the transcription of host genes. We systematically identified and characterized these regulatory elements based on publicly available datasets of ChIP-Seq of 97 transcription factors (TFs) provided by ENCODE and Roadmap Epigenomics projects. We determined transcription factor-binding sites (TFBSs) using the ChIP-Seq datasets and identified TFBSs observed on HERV/LTR sequences (HERV-TFBSs). Overall, 794,972 HERV-TFBSs were identified. Subsequently, we identified "HERV/LTR-shared regulatory element (HSRE)," defined as a TF-binding motif in HERV-TFBSs, shared within a substantial fraction of a HERV/LTR type. HSREs could be an indication that the regulatory elements of HERV/LTRs are present before their insertions. We identified 2,201 HSREs, comprising specific associations of 354 HERV/LTRs and 84 TFs. Clustering analysis showed that HERV/LTRs can be grouped according to the TF binding patterns; HERV/LTR groups bounded to pluripotent TFs (e.g., SOX2, POU5F1, and NANOG), embryonic endoderm/mesendoderm TFs (e.g., GATA4/6, SOX17, and FOXA1/2), hematopoietic TFs (e.g., SPI1 (PU1), GATA1/2, and TAL1), and CTCF were identified. Regulatory elements of HERV/LTRs tended to locate nearby and/ or interact three-dimensionally with the genes involved in immune responses, indicating that the regulatory elements play an important role in controlling the immune regulatory network. Further, we demonstrated subgroup-specific TF binding within LTR7, LTR5B, and LTR5_Hs, indicating that gains or losses of the regulatory elements occurred during genomic invasions of the HERV/LTRs. Finally, we constructed dbHERV-REs, an interactive database of HERV/LTR regulatory elements (http://herv-tfbs.com/). This study provides fundamental information in understanding the impact of HERV/LTRs on host transcription, and offers insights into the transcriptional modulation systems of HERV/LTRs and ancestral HERVs. Funding: This work was supported by Japan Society for the Promotion of Science (JSPS) (https://www.jsps.go.jp/) Grant-in-Aid for JSPS Research Fellow Grant Number 16J09766 (JI). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
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Introduction
Transposable elements (TEs) are mobile genomic DNA sequences that occupy approximately half of the human genome and are capable of autonomous or non-autonomous replication [1] . TEs were initially thought to be parasitic, selfish, and junk DNA [2] . Decades of research accumulated evidences that some TEs are co-opted by the host and acquire new physiological functions as protein-coding/-non-coding genes and regulatory elements for host genes [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . TEs have their own regulatory elements for transcription and replication [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Such TE-derived regulatory elements are abundant in the human genome and have various effects on transcriptional modulations of host genes as promoters, enhancers, and insulators [9] [10] [11] [12] [13] [14] [15] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Notably, numerous TE insertions sharing the same regulatory elements can affect multiple genes in a coordinate manner. Several studies have suggested that TE insertions have contributed to the rewiring and evolution of regulatory networks by recruiting multiple genes into the same regulatory circuit [10] [11] [12] [13] [14] [15] [33] [34] [35] [36] [37] .
Human endogenous retroviruses (HERVs) and other long terminal repeat (LTR)-type retrotransposons (HERV/LTRs) are a class of TEs that developed through the infection of host germ cells by ancient retroviruses, followed by their transmission to the offspring (referred to as endogenization) [38] . HERV/LTRs (and other retroviruses) are composed of 5 0 -and 3 0 -LTR sequences, which modulate viral transcription and internal sequences containing viral genes [38] . In the host chromosome, HERV/LTRs are present either as a complete structure (referred to as provirus) or as a single LTR structure (referred to as solo LTR) [38] . HERV/LTRs occupy approximately 8% of the human genome [1] . HERVs have lost their replication and transposition activities in germ cells owing to the accumulation of mutations [38] . According to RepeatMasker (20-Mar-2009 ) (http://www.repeatmasker.org/), 375 and 130 types of LTRs and internal sequences of HERV/LTRs, respectively, have been discovered in the human genome. This indicates that HERV/LTRs show the greatest diversity for all classes of human TEs.
HERV/LTRs are transcribed by the host machinery, including RNA polymerase II (Pol II), and many regulatory elements bounded to Pol II-associated transcription factors (TFs) are present in LTR sequences [38] . HERV/LTRs show the highest enrichment in regulatory sequences such as open chromatin regions among all classes of human TEs [9, 37] . Reflecting the considerable diversity of HERV/LTRs, each type of HERV/LTRs has various regulatory elements involved in regulating diverse host genes [9] [10] [11] [12] [13] [14] [15] [20] [21] [22] [23] [24] . For instance, LTR7 insertions provide POU5F1-(OCT4-), SOX2-, KLF4-, and NANOG-binding sites for protein-coding/ non-coding genes, which are essential for maintaining pluripotency in embryonic stem (ES) and induced pluripotent stem (iPS) cells [10] [11] [12] [13] 39] . As a further example, MER41 insertions harboring STAT1-and IRF1-binding sites in several genes contribute to primate-specific interferon responses [14] . Clarifying the properties of HERV/LTRs regulatory elements provides a better understanding of their impact on host transcriptional regulation.
We systematically identified and characterized regulatory elements derived from HERV/ LTRs based on publicly available datasets of chromatin immunoprecipitation followed by sequencing (ChIP-Seq) of sequence-specific TFs. The ChIP-Seq datasets were provided by ENCODE [40] and Roadmap Epigenomics (Roadmap) (Tsankov et al. [41] ) projects. Previous studies have comprehensively investigated regulatory elements of TEs (including HERV/ LTRs) based on the ENCODE dataset [9, 37, 40] . Jacques et al. demonstrated that the majority of primate-specific regulatory sequences are derived from TEs [9] . Because this particular study was mainly focused on the dataset of DNase I hypersensitive sites (DHSs), it provided limited insight into the specific associations of TEs and TFs [9] . Sundaram et al. showed specific associations of TEs and TFs using a dataset of ChIP-Seq for TFs [37] . However, the number of sequence-specific TFs investigated in that study was restricted (15 sequence-specific TFs) owing to the focus on TFs for which ChIP-Seq was performed in both human and mouse cells to compare the binding profiles [37] . In the present study, we performed a more comprehensive study than earlier of regulatory elements on HERV/LTRs by evaluating 519 ChIPSeq datasets of 97 sequence-specific TFs (S1 and S8 Tables). Furthermore, we constructed dbHERV-REs, a database of HERV/LTR regulatory elements with an interactive interface (http://herv-tfbs.com/). This study provides fundamental information to understand the impact of HERV/LTRs on host transcription.
Results

Detection of transcription factor-binding sites (TFBSs) using ChIP-Seq datasets
We analyzed 519 ChIP-Seq datasets provided by ENCODE and Roadmap (S8 Table) . The datasets included ChIP-Seq analysis of 97 sequence-specific and Pol II-associated TFs (S1 Table) . The ChIP-Seq experiments were performed using 94 cell types. Although ENCODE and Roadmap provided datasets of pre-determined ChIP-Seq peaks (pre-determined TFBSs), there are substantial differences in analytical pipelines between the two projects (S2 Table) . Therefore, we determined ChIP-Seq peaks using a uniform analytical pipeline (S1B Fig) . When focusing on repetitive elements such as HERV/LTRs, it is important to check whether multiple mapped reads (reads can be mapped to multiple genomic regions) are excluded in data analysis of next generation sequencing [37, 42] . If multiple mapped reads are not excluded, false positive peaks may be detected at regions that have sequences similar to those authentically bounded by the TF. If they are excluded, it is unfeasible to identify ChIP-Seq peaks on recently integrated HERV/LTRs that show low sequence divergence among the copies. Some studies on TEs excluded multiple mapped reads [9] , while others did not [10] . Therefore, we generated two types of ChIP-Seq peak datasets: all-read and unique-read TFBSs (S1B Fig) . All-read TFBSs are ChIP-Seq peaks that were determined with all reads mapped to the human reference genome. The unique-read TFBSs are ChIP-Seq peaks that were determined with only the reads uniquely mapped to the reference genome; in other words, multiple mapped reads were excluded before the peak calling of ChIP-Seq. Consequently, we identified 7,262,985 and 6,833,767 of all-and unique-read TFBSs, respectively (S2A Fig); for estimating the numbers, overlapped TFBSs of the same TF were merged among cell types. Detailed information on ChIP-Seq is summarized in S8 and S9 Tables.
Detection of TFBSs on HERV/LTRs (HERV-TFBSs)
We identified TFBSs observed on HERV/LTR sequences (HERV-TFBS overlaps (HERVTFBSs)) belonging to the all-and unique-read TFBSs (Fig 1A) . We first identified HERVTFBSs in each cell type, and then merged HERV-TFBSs of the same TF in all cell types (merged HERV-TFBSs). Thus, we identified 866,649 merged HERV-TFBSs from all-read TFBSs and 794,972 from unique-read TFBSs (S2A Fig). HERV-TFBSs respectively occupied 11.9% and 11.6% of entire TFBSs in all-and unique-read TFBSs (S2A Fig) .
To evaluate the differences between all-and unique-read TFBSs, we compared the number of HERV-TFBSs for both the TFBS datasets. In most HERV/LTR types, the numbers of HERV-TFBSs were approximately the same for all-and unique-read TFBSs; however, the difference was quite large for some HERV/LTR types such as LTR7 and LTR5_Hs (S3A, S3C and S3D Fig) . These HERV/LTR types were recently inserted [see dbHERV-REs (http://herv-tfbs. com)] and showed low 'genomic mappability' (sequence uniqueness) (S3B and S3E Fig) . Therefore, a substantial number of sequence reads was not uniquely mapped on the HERV/ LTRs and was discarded. Based on these results, we generally used unique-read TFBSs for further analyses. When we individually focused on HERV/LTR types with low genomic mappability, such as LTR7 and LTR5_Hs, we used all-read TFBSs.
We compared HERV/LTRs with other classes of TEs with respect to the TF binding profiles. In the unique-read TFBSs, LINE, SINE, and DNA transposons were respectively overlapped to 15%, 16%, and 6% of the entire TFBSs (S4A Fig). It is important to check whether a TF binds to a type of TE significantly more than expected, because TEs occupy a large fraction of the genome, and therefore, TF binding would be partially observed on the TEs regardless of the absence of a special association between the TEs and TFs. Therefore, we evaluated statistical enrichment of binding of a TF in respective types of TEs to random expectation. The enrichment of TF binding was measured using a randomization test shuffling genomic positions of TFBSs (see Materials and Methods). Subsequently, we counted the number of TFs bounded significantly to a type of TE, and then the distribution was compared among the TE classes ( S4B Fig). We demonstrated that the number of TFs binding significantly to a TE type tended to be substantially higher in the HERV/LTR class than the other TE classes (S4B Fig). In the other TE classes, a few TEs were bounded by a large number of TFs (S4C Fig). Thus, HERV/LTRs were distinguished from the other TEs with respect to numbers of TF bindings. Previous studies reported the same tendency that HERV/LTRs have more regulatory sequences (e.g., DHSs and TFBSs) than the other TEs [9, 37] .
Classification of HERV/LTRs based on TF binding patterns
To understand the characteristic patterns of TF binding to HERV/LTRs, we performed hierarchical clustering analysis based on statistical enrichments of TF binding to random expectation (Fig 2A) . Enrichment significance was measured for each combination between HERV/ LTRs and TFBSs in respective cell types to consider the cell type-specific binding of TFs to HERV/LTRs. Fourteen HERV/LTR and TFBS clusters were identified (Fig 2A) , of which, we characterized 8 TFBS clusters (TF_1-8) (Fig 2B) [40, 41, [43] [44] [45] : TF_1 contained TFBSs for FOXA1/2, GATA4/6, and SOX17, which are critical for the differentiation of embryonic mesendoderm or endoderm. TF_2 contained TFBSs for POU5F1, SOX2, and NANOG, essential for pluripotency of ES and iPS cells. TF_3 contained TFBSs for GATA1/2 and TAL1, essential in hematopoietic and leukemia cells. TF_4 contained SPI1, which is critical for the differentiation of hematopoietic cells. TF_5 and TF_6 contained TFBSs for NFYA/B, USF1/2, Systematic identification of regulatory elements derived from HERVs and other TFs expressed in a broad-range of cell types. TF_8 contained TFBSs for PAX5 and PBX3, essential for the differentiation of B lymphocytes. TF_7 contained CTCF-binding sites found in all the cell types, which function as insulators and regulate chromatin architecture. We also characterized 9 HERV/LTR clusters (HERV_1-9) (Fig 2A-2C) . HERV_1 was enriched in TF_1 (endoderm TF cluster) and TF_2 (pluripotent TF cluster). HERV_2 was enriched in TF_2 (pluripotent TF cluster). HERV_3 was enriched in TF_8 (B-lymphocyte TF cluster). HERV_4 cluster was enriched in TF_5 cluster. HERV_5 and HERV_7 were enriched in TF_7 (CTCF cluster). HERV_6 was enriched in TF_5 and TF_6 clusters. HERV_8 was enriched in TF_3 and TF_4 (hematopoietic TF clusters). Lastly, HERV_9 was not enriched in most TFBSs. Taken together, we identified the characteristic clusters of HERV/LTRs by the hierarchical clustering analysis, indicating that HERV/LTR types can be classified based on their TFBSs. Each HERV/LTR cluster typically contained several HERV/LTR types belonging to different HERV/LTR families ( Fig 2C) . This indicates that the pattern of HERV/LTR regulatory elements do not match their phylogenic classifications. TFBSs for FOXA1/2, GATA4/6, NANOG, POU5F1, SP1, GATA2, TAL1, MAX, USF1, SPI1, ZNF143, and YY1 were enriched in various types of HERV/LTRs (Fig 2A right) .
Identification of HERV/LTR-shared regulatory elements (HSREs)
HERV/LTR-shared regulatory element (HSRE) was defined as a TF-binding motif identified in a substantial fraction of HERV-TFBSs at the same consensus position (Fig 1) . HSREs can indicate that the regulatory elements of HERV/LTRs are present before their insertions into the respective genomic loci [46] . We identified HSREs according to a scheme shown in Fig 1. HSREs were identified separately from ENCODE and Roadmap dataset. In total, 2,525 and 2,201 types of HSREs were respectively identified from all-and unique-read TFBSs. Regarding all-read TFBSs, HSREs comprised specific associations of 370 HERV/LTRs and 85 TFs. These HSREs were composed of 255,225 genomic loci and present in 21% of the total HERV-TFBSs and in 2.5% of the entire TFBSs (S2A Fig). For unique-read TFBSs, HSREs comprised specific associations between 354 HERV/LTRs and 84 TFs. These HSREs were composed of 178,121 genomic loci and present in 17% of the total HERV-TFBSs and in 2.0% of the entire TFBSs (S2A Fig). In most HERV/LTR types, the numbers of identified HSREs were approximately the same between unique-and all-read TFBSs; however, in HERV/LTR types with low genomic mappability (e.g., LTR7 and LTR5_Hs), more HSREs were identified from all-read TFBSs than unique-read TFBSs (S2B and S2C Table 1 ). Regarding TFs, MER41B, LTR13/13A, LTR8/8A, LTR10A/10F, LTR9/9B, and LTR5B/5_Hs contained various 
Characteristics of HSREs in LTR7
Characteristics of HSREs in LTR7 identified from the Roadmap dataset are shown in Fig 3. LTR7 showed low genomic mappability (S3B Fig), and, therefore, the results of all-read TFBSs were considered (those of unique-read TFBSs are shown in S7 Fig) . LTR7 is an LTR sequence of the HERVH provirus belonging to the ERV1 family. In our clustering analysis, LTR7 belonged to the HERV_2 cluster, whose members were highly bounded by SOX2, POU5F1, and NANOG (Fig 2) . These TFBSs were observed at approximately the same consensus positions of LTR7 among those copies (Fig 3A and 3B ). For example, a peak of SOX2 binding was observed at around the 150 th nucleotide position on the consensus sequence of LTR7 (Fig 3B) .
Splits of HERV-TFBS peaks were observed in NANOG, EOMES, and FOXA1/2 due to an insertion/deletion in multiple sequence alignment of LTR7 (S8 Fig). TF-binding motifs in HERV-TFBSs were observed at approximately the same consensus position of LTR7 among those copies (Fig 3C and 3D) . We identified HSREs according to the scheme described in Fig 1  ( and Materials and Methods). To identify HSREs, we compared heights of the peaks between HERV-TFBSs and TF-binding motifs (S9 Fig) . If the peak of TF-binding motifs (Fig 3C and  3D ) was higher than 60% of that of HERV-TFBSs (Fig 3A and 3B) , the set of TF-binding motifs was regarded as HSRE. We identified novel HSREs in LTR7, such as EOMES, FOXA1/2, and GATA6, and confirmed the previous reports showing that NANOG-, SOX2-, and POU5F1-binding sites were shared across the LTR7 copies [10] [11] [12] [13] . Although the HSREs of NANOG, Chromatin accessibilities evaluated by DHSs and chromatin states [47] [48] [49] showed that the regulatory elements of LTR7 were specifically active in ES cells (Fig 3E and 3F) , consistent with the results of previous studies [9] [10] [11] [12] 50] .
Heterogeneity of regulatory elements in LTR7
To approach the evolutionary dynamics of HERV/LTR regulatory elements, we investigated heterogeneity of the regulatory elements. We focused on HSREs that was disproportionately present in a specific subgroup of a HERV/LTR type. LTR7 copies were classified into three main subgroups (subgroups I, II, and III) by phylogenetic analysis based on the sequences ( Fig  3G) . Examining orthologous copies of LTR7 in primates indicated that these subgroups were inserted at different time points (Fig 3H) . NANOG-and EOMES-binding sites were uniformly present among the three subgroups (Fig 3I) . SOX2-and POU5F1-binding sites were found to be enriched in subgroup III, and FOXA1-binding sites (and, to a certain extent, FOXA2-and GATA6-binding sites) were enriched in subgroup II (Fig 3I) . We referred to the ChIP-Seq dataset provided by Ohnuki et al. [10] (S10 Fig) because this dataset contained ChIP-Seq of SOX2, POU5F1, and KLF4 in iPS cells, and the sequence read lengths (75-bp) were much longer than those of ENCODE/Roadmap dataset (25-or 36-bp). We also referred to the ChIP-Seq data of NANOG in ES cells provided by Durruthy-Durruthy et al. [15] , performing 100-bp pair-ended sequencing (S10 Fig). Genomic mappability of LTR7 substantially improved in the 75-bp sequencing compared with 36-bp (S10A Fig). In this dataset, we demonstrated that binding of SOX2, KLF4, and POU5F1 were enriched in subgroup III (S10D Fig). In particular, the enrichments were observed in both all-and unique-read TFBSs. POU5F1-binding motifs at positions corresponding to HSREs were enriched in subgroup III, while FOXA1/A2-binding motifs were excluded (Fig 3J) . To quantitatively compare TF binding among the subgroups, we counted the number of reads mapped on LTR7 copies and summed them in respective subgroups, and then we estimated the enrichment of the reads to input control in respective subgroups ( Fig 3K) . In NANOG and EOMES, the enrichment was relatively higher in subgroup III although the reads were enriched in all the three subgroups. In SOX2 and POU5F1, the reads were enriched in subgroup III. In FOXA1 (and, to a certain extent, in FOXA2-and [47] [48] [49] . TSS, promoter region including TSS; PF, predicted promoter flanking region; E, enhancer; WE, weak enhancer or open chromatin cis regulatory element. G) The unrooted phylogenetic tree of LTR7 copies reconstructed using the maximum likelihood method with RAxML [67] . Fragmented and outlier copies were excluded from the analysis. In total, 1,914 (out of 2,344) of LTR7 copies were included in the tree.
Representative supporting values calculated by Shimodaira-Hasegawa (SH)-like test [68] are shown on the corresponding branches. Identified phylogenetic subgroups (subgroups I, II, and III) are shown. H) Orthologous copies of LTR7 in the reference genomes of primates. The order of LTR7 copies is the same to (G). I) TFBSs on each LTR7 copy. The order of LTR7 copies is the same to (G). J) TF-binding motifs at positions corresponding to HSREs on each LTR7 copy. The order of LTR7 copies is the same to (G). Black and gray colors respectively indicate the presences of motifs with p values of <0.0001 and <0.001, identified by FIMO [64] . K) Enrichment of sequence reads mapped to LTR7 copies belonging to respective subgroups. The Y-axis shows reads per million (RPM) relative to that of input control. L) Insertion dates of proviruses of HERVH/LTR7 along with the species tree of primates. Upper panel: The boxplot showing insertion dates of the respective proviruses estimated by sequence comparison between 5 0 -and 3 0 -LTRs. Insertion dates of the proviruses are separately shown in the respective subgroups. Categories of subgroups I, II, and III contained 66, 248, and 227 copies of proviruses, respectively. Lower panel: Phylogenetic tree of primates with time scale. The tree was obtained from TIMETREE [72] . Red branch in the tree indicates the period when the rewiring of the core regulatory network of pluripotent cells seems to have occurred.
https://doi.org/10.1371/journal.pgen.1006883.g003
Systematic identification of regulatory elements derived from HERVs GATA6-binding sites), the reads were enriched in subgroup II. Thus, we demonstrated subgroup-specific TF binding in LTR7. In a previous study, LTR7 copies were divided into transcriptionally active and inactive groups based on RNA-Seq using pluripotent cells [11] . We further demonstrated that the active LTR7 copies were enriched in the subgroup III (S11 Fig) . Some LTR7 copies fuse with host coding/noncoding genes and play an essential role in maintenance of cell pluripotency [10] [11] [12] 39] . We demonstrated that most of the LTR7 copies comprising the chimeric transcripts belonged to the subgroup III (S11 Fig) . Finally, we attempted to estimate insertion dates (i.e., ages) of proviruses of HERVH/LTR7 based on sequence comparison between 5 0 -and 3 0 -LTRs (see Materials and Methods). As shown in Fig 3L , majority of the subgroup I, II, and, III seem to have been inserted in branch of the genera Catarrhini and Hominoidea and the span from the end of Hominoidea to the beginning of Homininae (interquartile range of insertion dates; 29.7-42.0, 19.4-31.1, and 13.5-22.7 million years ago (Mya), respectively). This is consistent with the insertion dates estimated by presence of orthologous copies in primates (Fig 3H) .
Changes in regulatory elements during LTR5 evolution
We showed that regulatory elements of HERV/LTRs were different within the same HERV/ LTR type (Fig 3G-3K ). In order to approach evolutionary dynamics of regulatory elements in HERV/LTRs, we examined changes in the regulatory elements in the LTR5 (HERV-K/HML-2) group. LTR5 is composed of LTR5A, LTR5B, and LTR5_Hs. LTR5_Hs is the youngest HERV/LTR type, and a previous study reported that LTR5_Hs has regulatory elements for POU5F1, SOX2, and NANOG [21] . Also consistent with the results of a previous study [51] , phylogenetic analysis and examination of orthologous copies indicated that LTR5B was the oldest ancestral type, and LTR5A and LTR5_Hs were independently generated from LTR5B-like viruses (Fig 4A and 4B) . Here, we divided LTR5 into five groups (groups I-V) based on their phylogenetic relationship and the TFs binding to them ( Fig 4A, 4C and 4E). Group I was rarely bounded by TFs (Fig 4C and 4E ). Group II was bounded by SPI1, TAL1, and GATA1/2, which are vital in hematopoietic cells. Group III was bounded by GATA4/6, SOX17, and FOXA1/2, essential in embryonic endoderm cells, together with the hematopoietic TFs. Group IV was bounded by NANOG, MYC, POU5F1, and SOX2, which are critical in pluripotent cells, in addition to the hematopoietic and the endoderm TFs. In group V, which is the youngest group, binding levels of some hematopoietic TFs (SPI1 and GATA1/2) and endoderm TFs (GATA4/6 and SOX17) were low. These differences in TF binding correlated with the differences in TF-binding motifs at positions corresponding to the HSREs (Fig 4D) . Chromatin accessibilities evaluated by DHSs indicate that the cell specificity of LTR5 members shifted along with their gain/loss of TFBSs (Fig 4F) . Group I was not active in any cell types, as expected owing to the absence of the regulatory elements. Group II was active in K562 (leukemia) cells. Group III was active in HepG2 (hepatoblastoma) and A549 (lung epithelial cancer) cells, in addition to K562 cells. Group IV was active in H1-hESC (ES) cells, in addition to the above cells; group V was not active in K562 cells.
Signatures of the HERV/LTR regulatory elements
We examined chromatin states [47] [48] [49] A) The unrooted phylogenetic tree of LTR5A (red), LTR5B (green), and LTR5_Hs (blue) copies constructed using the maximum likelihood method. LTR5 was to reflect the differences of their HSREs; LTR2B [9] , LTR7 [9, 11, 50] , MER41B, and LTR5B, which were respectively enriched in the enhancer regions of GM12878, H1-hESC, K562/ HeLa-S3, and HepG2 cells, had HSREs bounded by TFs essential in the corresponding cell types (S6A Fig, Fig 3A and 3B, S6C Fig and S6B Fig, respectively) . Unlike enhancers, HERV/ LTRs enriched in CTCF-binding regions remained unchanged among the cell types (S12C Fig) , which is consistent with previous findings [41] .
We examined TFs in which large fractions of TFBSs were occupied by HERV-TFBSs (S3 Table) . Binding sites of NFYA/B, USF1/2, GATA4/6, TAL1, SOX2, SOX17, and TCF4 were highly overlapped with HERV/LTRs. Nearly half of NFYB-binding sites were observed on HERV/LTRs [52] . NFYA/B frequently bound to members of the HERV_4 cluster in Fig 2 ( e.g., LTR12, MER51, and MER57 groups) and members of the HERV_6 cluster (MLT1 group) (Fig  2) . These HERV/LTRs contained HSREs for NFYA/B [see dbHERV-REs (http://herv-tfbs. com/)].
Then, we investigated specific associations between the insertion dates of HERV/LTRs and TFs that bound to the HERV/LTRs (S13 Fig). HERV/LTRs integrated after the divergence of primates were highly bounded by members of TF_2 (pluripotent cluster) shown in Fig 2, such as POU5F1, SOX2, SMAD1, TCF4, and NANOG ( S13 Fig and Fig 2) . This is consistent with the results of a previous study showing that SOX2-and POU5F1-binding sites were amplified after the divergence of primates by insertions of HERV/LTRs harboring the binding sites [13] . HERV/LTRs integrated before the divergence of primates were highly bounded by members of the TF_6 cluster, such as SIX5, USF1/2, and ATF3 ( S13 Fig and Fig 2) . This is because these TFs frequently bound to the MLT1 group (Fig 2) , which inserted before the divergence of primates. HERV/LTRs that inserted at the span from Catarrhini to Hominoidea were highly bounded by NFYA/B and LEF1 (S13 Fig) . This is because these TFs bound to the LTR12 group, which inserted at the span from Catarrhini to Hominoidea [see dbHERV-REs (http:// herv-tfbs.com/)].
Characteristics of host genes in the vicinity of HERV/LTR regulatory elements
It is important to clarify whether HERV-TFBSs contribute to the regulation of host genes, especially in a cell type-specific manner. We examined the association between HERV-TFBSs and genes specifically expressed in a particular cell type. In six cell types (GM12878, H1-hESC, K562, HepG2, HeLa-S3, and HUVEC cells), we identified 200 genes that specifically expressed in each cell type. Subsequently, we examined the enrichment of HERV-TFBSs according to the cell types in regions nearby the genes that were specifically expressed. We demonstrated that HERV-TFBSs in each cell type were enriched in region nearby the specifically expressed genes in the corresponding cell type (Fig 5A) . This indicates that HERV-TFBSs are involved in cell type-specific regulation of host genes. divided into five groups (I-V) based on the tree and their TFBSs (shown in (C)). Fragmented and outlier copies were excluded from the analysis. Copies of 233, 300, and 532 respectively belonging to LTR5A, LTR5B, and LTR5_Hs were included in the tree (out of 265, 431, and 645, respectively). Representative bootstrap values are shown at the corresponding nodes. B) Orthologous copies in the reference genomes of primates. The order of LTR5 copies is the same to (A). C) TFBSs present on each copy; representative TFBSs are shown. TFBSs of SPI1, TAL1, and GATA1/2 were from the ENCODE dataset, and others were from the Roadmap dataset. The order of LTR5 copies is the same to (A). D) TF-binding motifs at positions corresponding to HSREs on each LTR5 copy. The order of LTR5 copies is the same to (A). Black and gray colors respectively indicate the presence of motifs with p values of <0.0001 and <0.001, as identified by FIMO [64] . E) Enrichment of sequence reads mapped to LTR5 copies belonging to respective subgroups. The Y-axis shows RPM relative to that of the input control. F) Relative number of HERV-DHSs mapped on each consensus position. The X-axis indicates nucleotide position in the consensus sequence of LTR5_Hs. The Y-axis indicates proportion of HERV/LTR copies harboring HERV-DHSs at each position.
https://doi.org/10.1371/journal.pgen.1006883.g004
Systematic identification of regulatory elements derived from HERVs Enrichment of HERV-TFBSs as seen in regions near cell type-specific genes. In respective cell types, 200 of the specifically expressed genes according to the cell type were identified. Then we measured enrichments of HERV-TFBSs of respective cell types in regions near the cell type-specific genes using the GREAT [53] . Fold enrichment scores (left) and p values (right) are shown as heatmaps. Fold enrichment scores of >1.2 are shown with the corresponding p values. B) Distance-based GO enrichment analysis. GO terms in the category of biological process were examined. The GREAT analyses [53] were performed using sets of all HERV-TFBSs in respective cell types. HERV-TFBSs identified in cells treated with special conditions (e.g., supplement of interferon) were excluded. GO terms were summarized by REVIGO [73] . GO terms with hold enrichment scores of >2 are shown.
https://doi.org/10.1371/journal.pgen.1006883.g005
To ascertain which biological functions are associated with HERV-TFBSs/HSREs, we performed Gene Ontology (GO) enrichment analysis with GREAT [53] . First, we performed the analysis using a set of all HERV-TFBSs in one cell type (Fig 5B) . HERV-TFBSs in cells such as GM12878 and K562 were highly enriched in regions nearby the genes associated with innate immunity-related pathways such as "response to interferon-gamma" and "type I interferon signal pathway" (Fig 5B) . The MER41 and MLT1 groups occupied significant fractions of HERVTFBSs nearby the genes associated with the above biological processes (S14 Fig; left panel) . Regarding TFBSs, binding sites of SPI1, POU2F2, ZNF263, and USF1 were found to be enriched (S14 Fig right panel) . Next, we ascertained biological processes in GO term with which HERVTFBSs were more enriched compared to the other TFBSs (i.e., TFBSs did not overlap with HERV/LTRs). HERV-TFBSs showed significantly stronger associations with biological processes relevant to immune responses compared to the other TFBSs (S4 Table) . We also performed GO enrichment analysis to examine biological functions in which HERV-TFBSs were enriched compared to the entire population of HERV/LTRs, and we obtained similar results (S5 Table) . Finally, we performed the GO enrichment analyses to infer biological functions with which each type of HSRE is associated. In this analysis, we used sets of HERV-TFBSs harboring each type of HSRE in respective cell types. In total, 39,946 significant associations for combinations of cell types, HSREs, and GO terms were identified [summary data is deposited in dbHERV-REs (http://herv-tfbs.com/)]. Consistent with the above analyses, GO terms associated with the immune response were frequently observed (S6 Table) , and the associations between HSREs and various biological processes were identified [see dbHERV-REs (http://herv-tfbs.com/)].
Long-range interactions between promoters and HERV/LTR regulatory elements
Some regulatory elements affect the remote genes via three-dimensional (3D) interactions by forming chromatin loops [45] . We attempted to extract such 3D interactions between HERVTFBSs/HSREs and promoters of host genes from the data on promoter-captured Hi-C (pcHi-C) in GM12878 cells [54, 55] . pcHi-C is a modified "chromosome conformation capture" method for a comprehensive identification of the 3D interaction between promoters and other genomic regions [54] . We first examined HERV-TFBSs or HSREs present in promoter-interacting regions (interacting regions). In total, 26,194 and 3,860 of HERV-TFBSs and HSREscontaining HERV-TFBSs, respectively, were present in the interacting regions. Some interacting regions were associated with several genes, and 81,536 or 12,452 of interactions between promoters of genes and HERV-TFBSs or HSREs-containing HERV-TFBSs were identified, respectively. The average interval of interactions between promoters and interacting regions containing HERV-TFBSs was 392 kb (average interval of interactions between promoters and all interacting regions was 411 kb in this dataset). HERV/LTRs harboring TFBSs or HSREs were enriched two-fold in interacting regions compared with the population of the entire HERV/LTRs (Fig 6A) . Transcription levels (reads per kilobase per million mapped reads; RPKM) of genes tended to be higher as the number of HERV-TFBSs interacting with the genes increased (Fig 6B) . Thus, the HERV/LTR regulatory elements in interacting regions seem to work as transcriptional modulators of host genes via long-range interactions. Members of the MLT1, MER21, and MER41 groups were enriched in interacting regions, together with LTR8, LTR54, and LTR13 ( Fig 6C) . Next, we developed and performed a "Hi-C-based" GO enrichment analysis by modifying a statistical method used in GREAT [53] (see Materials and Methods). As shown in Fig 6D, HERV-TFBSs were highly enriched in GO terms associated with immune response such as "positive regulation of interleukin-2 production" and "dendritic cell chemotaxis," consistent with the result of "distance-based" GO enrichment analysis as shown in Fig 5B. Furthermore, using the Hi-C-based GO enrichment analysis, we ascertained biological processes in GO term with which HERV-TFBSs were more enriched compared to the other TFBSs. Consistent with the above results, HERV-TFBSs showed significantly stronger associations with biological processes relevant to immune responses compared to the other TFBSs (S7 Table) .
Construction of dbHERV-REs
We constructed dbHERV-REs, a database of HERV/LTR regulatory elements with an interactive user interface (http://herv-tfbs.com/) (S19 Fig). The database provides (i) general The interactions were extracted using pcHi-C dataset in GM12878 cells [54, 55] . Results from unique-read TFBSs are shown. A) Proportion of HERV/LTR copies overlapped with promoter-interacting regions. Proportions of total HERV/LTRs, HERV/LTRs with HERV-TFBSs, and HERV/LTRs with HSREs are separately shown. B) Transcription levels (log 10 (RPKM+1)) of proteincoding genes and number of HERV-TFBSs interacting with the genes. Genes were divided into five categories based on the number of HERV-TFBSs interacting with the genes (0, 1, 2-5, 6-10, and 10<). Categories of the 0, 1, 2-5, 6-10, and 10< respectively contained 13,265, 1,179, 1,946, 822, and 1,639 of genes. P values were calculated using the Mann-Whitney U test with adjustment for multiple tests using the BH method. C) The word cloud indicating HERV/LTR types enriched in the interacting regions. Word sizes are proportional to the −log 10 (p value) calculated using the Fisher's exact test. The word colors indicate HERV/LTR families. D) Hi-C-based GO enrichment analysis. A set of all HERV-TFBSs in GM12878 cells was used. HERV-TFBSs identified in cells treated with special conditions (e.g., supplement of interferon) were excluded. GO terms were summarized by REVIGO [73] . GO terms with hold enrichment scores of >2 are shown.
https://doi.org/10.1371/journal.pgen.1006883.g006 information on HERV/LTRs such as family classification, copy number, and insertion date judged by distribution of orthologous copies among mammalian genome; (ii) positions of HERV-TFBSs, HSREs, and HERV-DHSs in the consensus sequence of HERV/LTRs and in the human reference genome; and (iii) results of GO enrichment analyses with GREAT [53] using sets of respective HSREs. The database also can compare phylogenetic relationship of HERV/ LTR copies with the presence of orthologous copies across the mammalian genome, TFBSs, and TF-binding motifs. Results of all-and unique-read TFBSs are available in the database. Additionally, the database provides results on pre-determined TFBSs provided by ENCODE and Roadmap, which were based on their analytical pipelines of ChIP-Seq peak calling (S2 Table) . As of May 2017, TFBSs for 97 TFs and DHSs for 125 cell types were deposited. A user can focus on significant associations between HERV/LTRs and TFs by setting statistical and other thresholds.
Discussion
We showed that HERV/LTRs frequently contained HERV-TFBSs/HSREs for TFs essential in hematopoietic (e.g., SPI1, TAL1, and GATA1/2), pluripotent (e.g., SOX2, POU5F1, and NANOG), and embryonic endoderm/mesendoderm cells (e.g., GATA4/6, SOX17, and FOXA1/2). Hematopoietic regulatory elements of HERV/LTRs seem to descend from ancestral exogenous retroviruses, which would have replicated in the hematopoietic (or blood) cells, considering that modern exogenous retroviruses frequently contain such regulatory elements [38] . Pluripotent regulatory elements seem to have been crucial for efficient replication of HERV/LTRs in germ cells, as with other TEs such as LINE1, because transcriptional environments are similar between pluripotent and early embryonic cells [21, 56] . Endoderm/mesendoderm regulatory elements also seem to be important for HERV/LTRs, possibly for their replication in the host germ cells immediately after the endogenization, as these TFs highly expressed in both somatic and germ cells [41] . A previous study showed that the regulatory elements of HERV/LTRs are active in various cells and tissues by evaluating enrichment of active histone modifications on HERV/LTRs [50] . Therefore, as the number of available ChIP-Seq datasets increase, a greater number of regulatory elements of HERV/LTRs will be identified.
Although the role of retroviral internal sequences in transcription remains unclear, it is known that an internal sequence in Human T-cell Leukemia Virus Type 1 (HTLV-1) contains a CTCF-binding site functioning as an insulator [57] . In the present study, we found that a substantial fraction of HSREs was present in the internal sequences, and the most frequently observed HSRE in the internal sequences was the CTCF-binding site (S5I Fig). These findings suggest that regulatory elements, particularly CTCF-binding sites, would be present in the internal sequences of retroviruses, including HERVs, more than previously considered [38, 57] . Further investigation is needed for clarifying the role of retroviral internal sequences in transcriptional modulation.
Pluripotent regulatory elements seem to be essential for HERVs and other TEs to replicate efficiently in the host germ cells and to expand in the host genome. However, the pluripotent regulatory elements are rarely observed in exogenous retroviruses, even though HERVs descended from ancient exogenous retroviruses [38] . In this study, we demonstrated the heterogeneity of regulatory elements among subgroups in LTR7 (Fig 3G-3K ), LTR5 group (Fig  4) , LTR6A (S15 Fig), LTR9 (S16 Fig), MER11C (S17 Fig), and MER11B (S18 Fig). Such heterogeneity of regulatory elements was also observed in endogenous retroviruses (ERVs) of other mammals [58, 59] . These indicate that gains or losses of the regulatory elements occurred during genomic expansions of the HERV/LTRs (or the ERVs). We observed a tendency that younger subgroup of HERVs had more regulatory elements for pluripotent TFs (e.g., NANOG, POU5F1, and SOX2) in LTR7, LTR5_Hs, LTR6A, and MER11C (Fig 3G-3K, Fig 4, S15 Fig,  and S17 Fig, respectively) although we observed an opposite tendency in MER11B (S18 Fig). Thus, HERVs seem to have frequently acquired pluripotent regulatory elements. We hypothesize that these HERVs acquired the pluripotent regulatory elements after endogenization for efficient replication and genomic expansion in the host germ cells. Thus, investigation of heterogeneity of regulatory elements of HERV/LTRs can illuminate the evolutionary dynamics of transcriptional modulation system of HERVs.
LTR7 is essential for the maintenance of pluripotency in ES and iPS cells, and it has been hypothesized that LTR7 insertions rewired the core regulatory network of the pluripotent cells [10] [11] [12] . We further clarified the heterogeneity among subgroups of LTR7 with respect to insertion dates, TF binding profiles, and transcriptional activities. Subgroup III, the youngest subgroup of LTR7, was most frequently bounded by SOX2, POU5F1, and KLF4 (Fig 3G-3K  and S10D Fig) . Subgroup III also showed the highest enrichment of ChIP-Seq reads of NANOG (Fig 3K) . Subgroup III showed the highest transcriptional activity in pluripotent cells (S11 Fig). Most LTR7-chimeric transcripts, which are vital in maintaining pluripotency [10] [11] [12] 39] , were composed of LTR7 belonging to the subgroup III (S11 Fig). These findings suggest that the evolutionary rewiring of the core regulatory network of pluripotent cells was caused by a specific population of LTR7, i.e., members of the subgroup III, rather than by the entire population of LTR7 (Fig 3L) . Moreover, this rewiring seems to have occurred more recently than previously thought [60] , the branch from the end of Hominoidea to Homininae. This is because the rewiring should have occurred during the period when subgroup III was inserted (Fig 3G, 3H and 3L ). Further investigation is needed to elucidate the evolution of pluripotent cells due to LTR7 insertions.
The GO enrichment analysis based on genomic positions of HERV-TFBSs/HSREs demonstrated that HERV-TFBSs/HSREs tend to be located near the genes involved in innate immune responses such as cytokine-mediated signaling (Fig 5B and S4, S5 and S6 Tables). This tendency was recaptured by Hi-C-based GO analysis, which used information on 3D interactions between HERV-TFBSs and promoters of host genes in B-lymphocytes (GM12878 cells) ( Fig  6D) . In those GO enrichment analyses, HERV-TFBSs showed significantly stronger associations with biological processes relevant to innate immune responses compared to the other TFBSs (S4 and S7 Tables). This suggests that HERV/LTR regulatory elements were likely to be associated with regulatory networks controlling innate immune responses. Furthermore, this tendency seems to be more attributable to natural selection of HERV/LTRs after the insertions than preferential insertions in specific genomic regions, because HERV/LTR copies with TFBSs were more enriched in regions near the genes related to innate immune response than HERV/LTRs without TFBSs (S5 Table) . The tendency of regulatory elements of HERV/LTRs being associated with innate immune response seemed to be affected by cell types (e.g., B-lymphocytes) in which ChIP-Seq was performed. Therefore, as the number of cell types in which ChIP-Seq are performed increase, more associations between HERV/LTRs with TFBSs and specific biological functions will be identified. Finally, GO enrichment analyses showed that each type of HSRE was statistically associated with various biological processes in addition to the immune response [deposited in dbHERV-REs (http://herv-tfbs.com)]. Further research, especially knockout-based studies such as the one by Chong et al. [14] , is necessary to prove the causal relationship between regulatory elements of HERV/LTRs and regulatory networks controlling specific biological processes.
To summarize, we identified various HERV/LTR regulatory elements involved in several host regulatory networks. Our study provides the foundation to understand the impact of HERV/LTRs on host transcription, and provides insights into transcriptional modulation systems that HERV/LTRs and ancestral retroviruses of HERVs originally used.
Materials and methods Datasets
Information on the ChIP-Seq dataset is summarized in the "peak calling of ChIP-Seq" section. RepeatMasker output file (http://hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/chromOut. tar.gz) was downloaded from the UCSC genome browser (https://genome.ucsc.edu/). This is an annotation file of repetitive elements on the human reference genome (GRCh37/hg19) used in RepeatMasker track in the genome browser. Consensus sequences of HERV/LTRs were obtained from the RepeatMasker library (20140131 release) and Repbase Update (1.1.3 release) in Repbase (http://www.girinst.org/server/RepBase/). DHS datasets were obtained from ENCODE (S10 Table) . Genome segmentations in six cell types (combined between ChromHMM and Segway) [47] [48] [49] were obtained from ENCODE (S11 Table) . Datasets of Cold Spring Harbor Laboratory (CSHL) LongPolyA RNA-Seq were obtained from ENCODE in the GTF format (S12 Table) . Ontology file (go-basic.obo, date; 3/16/2016) and GO association file (gene_association.goa_hu-man, submission date; 3/16/2016) were downloaded from the GO Consortium (http://gene ontology.org/). The UCSC known genes were downloaded from UCSC (http://hgdownload.cse. ucsc.edu/goldenPath/hg19/database/knownGene.txt.gz). pcHi-C dataset in GM12878 cells [54, 55] (GSE81503_GM12878_PCHiC_merge_final_seqmonk.txt.gz and GSE81503_GM12878_P-CHiC_merge_final_washU_text.txt.gz, accession GSE81503) were obtained from the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/).
Peak calling of ChIP-Seq
An analytical pipeline used in this study is summarized in S1B Fig. For the Roadmap dataset, we obtained a sequence read file (fastq format) from the Sequence Read Archive (SRA) using the SRA Toolkit fastq-dump (http://www.ncbi.nlm.nih.gov/books/NBK158900/). For the ENCODE dataset, we downloaded an unfiltered alignment file, if available, for GRCh37/hg19 (bam format) from the ENCODE database (http://www.encodeproject.org/). The unfiltered alignment file was generated using the ENCODE Processing Pipeline with BWA 0.7.10 (aln and samse). If the unfiltered alignment file was not available, we downloaded a fastq file from the ENCODE database. Fastq or bam files of biological replicates were then concatenated. Sequence reads in the fastq files were mapped to human reference genome (GRCh37/hg19) using BWA 0.7.12 (aln and samse/sampe). In the default setting of BWA aln, a multiple mapped read is randomly assigned to a particular genomic position chosen from candidate positions. For the all-read TFBSs, ChIP-Seq peaks were called using MACS2 with default setting. For unique-read TFBSs, multiple mapped reads or reads with low mapping quality (reads with MAPQ score of <10) were removed using samtools view [61] , and then ChIP-Seq peaks were called. In peak calling, input control file was used with ChIPtreated file. Information on the ChIP-Seq data is summarized in S8 and S9 Tables.
Identification of HERV-TFBSs and HSREs
HERV-TFBSs and HSREs were identified separately in ENCODE and Roadmap datasets. HERV-TFBSs and HSREs were identified both in all-and unique-read TFBSs.
We identified HERV-TFBSs in respective cell types by examining the overlaps between HERV/LTRs and TFBSs with bedtools intersect [62] . In the respective TFs, TFBSs or HERV-TFBSs among all cell types or conditions were merged with bedtools merge [62] (referred to as the merged TFBSs or HERV-TFBSs). For counting TFBSs and HERV-TFBSs, the merged TFBSs and HERV-TFBSs were used.
For the identification of HSREs, the merged HERV-TFBSs were used. First, sequences of HERV/LTR copies were extracted from human reference genome (GRCh37/hg19) using bedtools getfasta [62] . Multiple sequence alignment (MSA) of HERV/LTR copies was constructed with a consensus sequence of the corresponding HERV/LTR type. MAFFT v7.239 [63] was used for the construction of MSA with the options-addfragments,-keeplength, and -retree 2. In this setting, the consensus sequence was used as input, and sequences of HERV/ LTR copies were used as fragment sequence. In MSA, the position of HERV-TFBSs was mapped on each HERV/LTR sequence, and then the number of the mapped HERV-TFBSs was counted at every consensus position (referred to as "depth" of HERV-TFBSs). For setting the threshold to identify peaks of HERV-TFBSs, randomized (shuffled) TFBS datasets were generated with bedtools shuffle [62] for 500 times. In the respective randomized datasets, the depth of HERV-TFBSs was counted for each consensus position with the above-mentioned procedures. For every consensus position, average and standard deviation of the depth of HERV-TFBSs among randomized datasets was calculated. Standardized score (z score) of HERV-TFBS depth was calculated for every consensus position with the average and standard deviation in randomized datasets (termed as base-wise z score). If base-wise z score of a given region (>50-bp) in the consensus sequence was higher than four, the region was defined as a peak of HERV-TFBSs. Finally, known TF-binding motifs of the corresponding TF were scanned in original HERV-TFBS sequences. For motif scanning, FIMO [64] and known TFbinding motifs recorded in JASPAR [65] and HOCOMOCO [66] were used. The threshold (p value) of the motif scanning was set at 0.001. In MSA, position of the TF-binding motif was mapped on each HERV/LTR sequence, and then the number of the mapped motifs was counted at every consensus position (referred to as "depth" of TF-binding motifs). To identify HSREs, heights of peaks of depths were compared between HERV-TFBSs and TF-binding motifs. If the height of the TF-binding motif peak is (i) greater than or equal 10 and (ii) greater than 60% of the height of the HERV-TFBS peak, we regard the set of TF-binding motifs as HSRE ( S9 Fig). For counting the number of genomic positions of HSREs, overlapping HSREs of the same TF were merged for avoiding double counts. This is because some TF-binding motifs were present in both strands at approximately the same positions due to their palindrome signatures.
After identifying HSREs, overlaps between HSREs and HERV-TFBSs in respective cell types were examined, and the cell specificities of HSREs were determined.
Randomization test shuffling genomic positions of TFBSs
HERV-TFBS overlaps were counted for all combinations. In each dataset of TFBS, we generated 100 times of randomized TFBS datasets using bedtools shuffle [62] and counted the number of HERV-TFBS overlaps in the randomized datasets. Among the randomized datasets, average and standard deviation of numbers of HERV-TFBS overlaps were calculated. In each HERV-TFBS combination, we calculated z score (count-based z score) using the number of HERV-TFBS overlaps in an observed dataset and the average and standard deviation among randomized datasets.
For TEs other than HERV/LTRs, z scores for all combinations of respective TE types and the merged TFBSs were calculated using the same procedures.
Hierarchical clustering
We used unique-read TFBSs, and separately dealt with TFBSs of the same TF in distinct cell types. If there were several TFBS files for the same ChIP-Seq condition, the TFBS files were merged using bedtools merge [62] . All TFBSs (e.g., SOX2-binding sites in HUES64 cells from Roadmap) were used for the analysis, except for CTCF-binding sites; we used CTCF-binding sites that were determined in tier 1 and 2 cells of ENCODE (GM12878, H1-hESC, K562, HepG2, HeLa-S3, and HUVEC), HUES64 cells, and germ layer (ectoderm, endoderm, mesoderm, and mesendoderm) cells that were differentiated from the HUES64 cells. Z scores were calculated using the method in the "randomization test shuffling genomic positions of TFBSs" section. A matrix containing the z scores was created. HERV/LTR type whose copy number was less than 100 was excluded from the matrix. Rows (TFBSs) and columns (HERV/LTRs) were excluded if they did not contain any elements whose z scores were greater than or equal to 10. Distance matrix was constructed using the Euclid method based on the z score matrix. We performed hierarchical clustering with the distance matrix using Ward's method. All analyses were performed by packages of amap and ReorderCluster implemented in R.
Phylogenetic analyses
As listed in S13 Table, phylogenetic trees were constructed for HERV/LTR types satisfying the following criteria: (i) after removal of the fragmented copies (described below), the number of copies fell within the range of 10-2,500; and (ii) greater than 30% of their copies remained after the removal of fragmented copies. Fragmented and outlier copies were excluded from the analysis. For defining the fragmented copies, we constructed preliminary MSA of HERV/LTR copies with the consensus sequence using MAFFT v7.239 [63] with options of-addfragments,-keeplength, and -retree 2 (in this setting, the consensus sequence was used as input, and sequences of HERV/ LTR copies were used as fragment sequence). HERV/LTR copies were defined as fragmented if less than 80% of their sequences were only aligned to the consensus sequences in the preliminary MSA. After the removal of fragmented copies, we constructed MSA of HERV/LTR copies using MAFFT v7.239 with-auto options. Sites in the MSA containing gaps were excluded if site coverages of those positions were less than 30%. For defining the outlier copies, a preliminary tree was reconstructed with RAxML v8.2.0 [67] . GTRCAT was used as a nucleotide substitution model. Z score of the length of external branch was calculated for the preliminary tree. Outlier copy, whose z score of the branch length was greater than three, was excluded from the MSA. We constructed the final tree using the same procedures with the preliminary tree. Supporting values were calculated using the SH-like test [68] . In addition to the SH-like test, rapid bootstrap analysis [67] (100 times) was performed for the phylogenetic tree of the LTR5 group.
Estimation of the insertion dates of HERVH/LTR7 copies
The age of a provirus of ERVs can be estimated by sequence comparison between 5 0 -and 3 0 -LTRs of the ERVs, as sequences of both LTRs were identical at the time of insertion, and after the insertion, both LTRs independently accumulated mutations as a part of the host genome [69] . In this analysis, we used the annotation of a provirus of HERVH/LTR7 as reported previously [11] . We only analyzed proviruses of HERVH/LTR7 harboring two LTR7 sequences that were categorized in the same subgroup in the tree (Fig 3G) . For each provirus, a pairwise sequence alignment of 5 0 -and 3 0 -LTRs was constructed using the EMBOSS Stretcher program [70] . After removal of all gapped sites in the alignment, p-distance of the paired LTRs was calculated, and then the genetic distance of the paired LTRs was computed using the Jukes-Cantor 69 model. A substitution rate of HERVs of 1.0 × 10 −9 per site per year was used as described previously [71] . Insertion date of the provirus was calculated with the formula, D/2R (D, genetic distance of the paired LTRs; R, substitution rate of HERVs).
Insertion date (i.e., age) judged by distribution of orthologous HERV/LTR copies in the mammalian genome
For judging whether an orthologous copy of a HERV/LTR copy was present in a certain reference genome, liftOver (http://hgdownload.soe.ucsc.edu/admin/exe/linux.x86_64/liftOver) was used. If liftOver successfully converted the genomic position of a particular HERV/LTR copy in human reference genome to that of a reference genome of other species, we judged an orthologous copy of the HERV/LTR copy was present in the genome of the corresponding species. A minimum match parameter was set at 0.5. Reference genomes of PanTro4 (chimpanzee), GorGor3 (gorilla), PonAbe2 (orangutan), Nomleu3 (gibbon), RheMac3 (rhesus macaque), CalJac3 (marmoset), TarSyr1 (tarsier), MicMur1 (mouse lemur), Mm9 (mouse), Bostau7 (cow), and CanFam3 (dog) were used. Classification of insertion date of HERV/LTRs was defined as follows:~Hominoidea; greater than 10% of orthologous copies of the HERV/LTR type present in any of the chimpanzee, gorilla, orangutan, and gibbon genomes but absent in that of the rhesus macaque. Catarrhini; greater than 10% of orthologous copies of the HERV/LTR type present in the chimpanzee, gorilla, orangutan, gibbon, and rhesus macaque genomes but absent in that of the marmoset. Simiiformes; greater than 10% of orthologous copies of the HERV/LTR type present in the chimpanzee, gorilla, orangutan, gibbon, rhesus, and marmoset genomes but absent in those of the tarsier and mouse lemur. Primates; greater than 10% of orthologous copies of the HERV/LTR type present in the chimpanzee, gorilla, orangutan, gibbon, rhesus, marmoset, tarsier, and mouse lemur genomes but absent in those of the mouse, cow, and dog. Eutheria~; greater than 10% of orthologous copies of the HERV/LTR type present in the chimpanzee, gorilla, orangutan, gibbon, rhesus, marmoset, tarsier, mouse lemur, mouse, cow, and dog genomes. We only analyzed HERV/LTR types whose copy numbers were greater than or equal to 100.
Gene ontology enrichments analysis
Unique-read TFBSs were used in GO enrichment analyses. GO associations described in gene_association.goa_human were used. GO term associated with greater than or equal to five genes was used in the analyses.
In distance-based GO enrichment analysis, the createRegulatoryDomains command in the local version of GREAT [53] was used for defining regulatory domains of respective GO terms with the option of basal (five kb upstream and one kb downstream of the TSS) plus extension (up to one Mb). We used the TSS annotation based on the UCSC known genes. Enrichment score and p values with binomial test were calculated by the original R script.
To determine the GO term in which TFBSs with HERV/LTRs were more enriched than the other TFBSs (TFBSs not on HERV/LTRs), we counted the number of TFBSs with HERV/LTRs and the entire TFBSs in regulatory domains associated with a certain GO term. Then, the enrichment significance was calculated by Fisher's exact test.
In order to examine the GO term in which HERV/LTRs harboring TFBSs were more enriched than the entire HERV/LTRs (all HERV/LTRs regardless of overlaps with TFBSs), we estimated the number of HERV/LTRs harboring TFBSs and the entire HERV/LTRs overlapped to regulatory domains associated with a certain GO term. The enrichment significance was calculated by Fisher's exact test.
To ascertain the GO term in which each type of HSRE was enriched, we performed the GREAT analysis [53] using a set of HERV-TFBSs harboring a HSRE in each cell type. The threshold for statistical significance was set at 0.1, with false discovery rates calculated using the Benjamini-Hochberg (BH) method.
We thus developed the "Hi-C-based" GO enrichment analysis by modifying the GREAT algorithm [53] . Interacting regions in pcHi-C [54, 55] of all genes were merged using bedtools merge [62] and were defined as "total region". Interacting regions of genes associated with a particular GO term were merged and were defined as "regulatory domain" for the corresponding GO term. The lengths of the total region and regulatory domain were calculated (termed total_-length and regdom_length, respectively). HERV-TFBSs overlapping with the total region and regulatory domain were also counted (termed total_count and regdom_count, respectively). For calculating the enrichment significance, we performed a binomial test using the above total_count and regdom_count in addition to the ratio of regdom_length and total_length (regdom_length/ total_length).
In Hi-C-based GO enrichment analysis, we performed GO enrichment analysis to determine the GO term in which TFBSs with HERV/LTRs were more enriched than the other TFBSs. We counted the number of TFBSs with HERV/LTRs and the other TFBSs in regulatory domains associated with a certain GO term. Then, the enrichment significance was calculated by Fisher's exact test.
Enrichment of HERV-TFBSs near the cell type-specifically expressed genes
In CSHL LongPolyA RNA-Seq, protein-coding genes with RPKM >3 in any cell type were included in the analysis. For every gene, z score of RPKM was calculated for each cell type by using the average and standard deviation of the six cell types (GM12878, H1-hESC, K562, HepG2, HeLa-S3, and HUVEC cells). Regarding the z scores, top 200 genes in each cell type were defined as those expressed specifically in the corresponding cell type. Regulatory domain for genes specifically expressed in a certain cell type was created by using the createRegulatoryDomains command in GREAT [53] with a setting of basal (5 kb upstream and 1kb downstream of TSS) plus extension (up to 1 Mb). Enrichment scores and p values with binomial test were calculated by original R scripts.
Construction of dbHERV-REs
The system is running on Amazon Web Service (http://aws.amazon.com/). The relational database was constructed with MySQL. The server program was written in Python using Twisted (http://twistedmatrix.com/), an event-driven networking framework. The user interface was designed upon AJAX (Asynchronous JavaScript + XML) philosophy. plotly.js (http:// plot.ly/javascript/) is used for data visualizations. jQuery (http://jquery.com/) was used for the browser scripting.
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S1
Fig. An analytical pipeline for peak calling of ChIP-Seq. A). TFs for which ChIP-Seq was performed in this study. ChIP-Seq data for MYC, CTCF, FOXA1, FOXA2, HNF4A, NANOG, POU5F1, PRDM1, and SP1 were provided by ENCODE and Roadmap. ChIP-Seq data for other TFs were provided by either ENCODE or Roadmap. Detailed information is summarized in S1 Table. B) An analytical pipeline for peak calling of ChIP-Seq. We generated two types of TFBS datasets: all-and unique-read TFBSs. All-read TFBSs are ChIP-Seq peaks called with all reads mapped to the reference human genome. Unique-read TFBSs are ChIP-Seq peaks called with only reads that were uniquely mapped to the reference human genome. [10] . ChIP-Seq data on NANOG (100-bp paired-end) was provided by Durruthy-Durruthy et al. [15] . Ã ) with motif names. C) An unrooted phylogenetic tree of LTR9 copies constructed using the maximum likelihood method. Fragmented and outlier copies were excluded from the analysis. In total, 1,077 (out of 2,011) of LTR9 copies were included in the tree. Representative supporting values calculated by SH-like test [68] Ã ) with motif names. C) An unrooted phylogenetic tree of MER11C copies constructed using the maximum likelihood method. Fragmented and outlier copies were excluded from the analysis. In total, 748 (out of 866) of MER11C copies were included in the tree. Representative supporting values calculated by SHlike test [68] Ã ) with motif names. C) An unrooted phylogenetic tree of MER11B copies constructed using the maximum likelihood method. Fragmented and outlier copies were excluded from the analysis. In total, 377 (out of 548) of MER11B copies were included in the tree. Representative supporting values calculated by SHlike test [68] Table. Distance-based GO enrichment analysis to ascertain biological processes in which HERV-TFBSs were more enriched compared to the other TFBSs. Distance-based GO enrichment analysis using GREAT [53] algorithm was performed. Results of unique-read TFBSs are shown. TFBSs or HERV-TFBSs identified in cells treated with special conditions (e.g., supplement of interferon) were excluded. GO terms were summarized by REVIGO [73] . GO terms with hold enrichment scores >2 are shown. (DOCX) S5 Table. Distance-based GO enrichment analysis to ascertain biological processes in which HERV/LTRs harboring TFBSs were more enriched compared to entire HERV/ LTRs. Distance-based GO enrichment analysis using GREAT algorithm [53] was performed. Results of unique-read TFBSs are shown. HERV-TFBSs identified in cells treated with special conditions (e.g., supplement of interferon) were excluded. GO terms were summarized by REVIGO [73] . GO terms with hold enrichment scores >2 are shown. (DOCX) S6 Table. Biological processes in which many types of HSREs were enriched. Results in unique-read TFBSs are shown. The GREAT enrichment analyses [53] were performed using sets of HERV-TFBSs harboring each type of HSRE in respective cell types, and then GO terms associated with many kinds of HSREs (>10) were summarized separately in cell types (up to 15 in each cell type). (DOCX) S7 Table. Hi-C-based GO enrichment analysis to ascertain biological processes in which HERV-TFBSs were more enriched than the other TFBSs. Hi-C-based GO enrichment analysis with GREAT [53] algorithm was performed. Results of unique-read TFBSs are shown. TFBSs or HERV-TFBSs identified in cells treated with special conditions (e.g., supplement of interferon) were excluded. GO terms were summarized by REVIGO [73] . GO terms with hold enrichment scores >2 are shown. (DOCX) 
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